We present an initial demonstration of simultaneous velocity and temperature mapping in gaseous flow fields using a new nitric oxide planar laser-induced fluorescence-based method. The vibrationally excited NO monitoring (VENOM) technique is an extension of two-component velocimetry using vibrationally excited NO generated from the photodissociation of seeded NO 2 [Appl. Opt. 48, 4414 (2009) In the VENOM technique, an initial laser pulse "writes" a grid of nascent vibrationally excited NO into the flow field. This transient grid of NO is subsequently probed using two temporally separated dye laser pulses with associated ICCD cameras for collection of two time-delayed fluorescence images. Displacement of the grid intersection points during the time delay provides a direct map of the velocity field. The VENOM technique is particularly valuable in slowmoving, high-quenching flow fields because the photolytic NO (v ¼ 1) "tag" is relatively long lived with depletion governed by very slow reaction, diffusion or fluid mixing out of the laser probe volume, and vibrational relaxation. The technique can also be applied to environments with large ambient NO backgrounds (e.g., combustion or high enthalpy systems) where the vibrationally excited NO can be discriminated. The VENOM technique is inherently well suited for simultaneous velocimetry and thermometry measurements by simply probing different rotational states of NO with each "read" laser. In the limit of small displacements, the velocimetry analysis provides the transformation matrix needed to warp the timedelayed grid back onto the initial grid. Once the grids are aligned between the two images, extraction of rotational/translational thermometry information is possible, because the ratio of the images directly reflects the spatially resolved internal temperature [3, 4] . Such analysis is robust, provided the time delays are not sufficiently long to be affected by diffusion, out-of-plane transport, and complex quenching over the flow trajectory. In addition, we find that the grid currently employed writes a modulation pattern consisting of high and low tag density regions and therefore can yield full-frame temperature maps, rather than being limited to narrow bright regions.
Velocity and internal state distributions represent critical parameters in the characterization of complex and reacting flow fields [1] . Molecular tagging velocimetry (MTV) is a powerful nonintrusive technique for obtaining twocomponent velocity maps and an alternative to the more common particle imaging velocimetry (PIV) technique. Traditional PIV often suffers from nonuniform particle seeding, inaccuracies in tracking velocities across strong shocks [2] , and a prohibitive degree of light scattering near surfaces. MTV avoids these limitations and yet can often yield comparable spatial and temporal resolution. The determination of accurate 2D rotational/translational temperature fields (thermometry) using two-line planar laser-induced fluorescence (PLIF) is well established [3, 4] . The combination of 2D velocimetry and temperature measurements has been previously reported in liquids by Hu and Koochesfahani [5] , exploiting the temperature-dependent phosphorescence of the molecular tag to extract the temperature field from the MTV time-delayed images. To our knowledge, there is currently no single optical diagnostic technique capable of instantaneous 2D MTV and internal state thermometry in gaseous flow fields. Such measurements can provide a window into the coupling of energy transfer and flow dynamics, critical to improving predictive models for reacting and thermal nonequilibrium systems. The vibrationally excited NO monitoring (VENOM) technique, recently demonstrated in our laboratory, combines NO 2 photodissociation and NO (v ¼ 1) PLIF for MTV [6, 7] . The technique exploits the fact that the 355 nm photodissociation of NO 2 results in a 60:40 ratio of NO (v ¼ 0) to NO (v ¼ 1), corresponding to an effective vibrational temperature of ∼7000 K [8] . In the VENOM technique, an initial laser pulse "writes" a grid of nascent vibrationally excited NO into the flow field. This transient grid of NO is subsequently probed using two temporally separated dye laser pulses with associated ICCD cameras for collection of two time-delayed fluorescence images. Displacement of the grid intersection points during the time delay provides a direct map of the velocity field. The VENOM technique is particularly valuable in slowmoving, high-quenching flow fields because the photolytic NO (v ¼ 1) "tag" is relatively long lived with depletion governed by very slow reaction, diffusion or fluid mixing out of the laser probe volume, and vibrational relaxation. The technique can also be applied to environments with large ambient NO backgrounds (e.g., combustion or high enthalpy systems) where the vibrationally excited NO can be discriminated. The VENOM technique is inherently well suited for simultaneous velocimetry and thermometry measurements by simply probing different rotational states of NO with each "read" laser. In the limit of small displacements, the velocimetry analysis provides the transformation matrix needed to warp the timedelayed grid back onto the initial grid. Once the grids are aligned between the two images, extraction of rotational/translational thermometry information is possible, because the ratio of the images directly reflects the spatially resolved internal temperature [3, 4] . Such analysis is robust, provided the time delays are not sufficiently long to be affected by diffusion, out-of-plane transport, and complex quenching over the flow trajectory. In addition, we find that the grid currently employed writes a modulation pattern consisting of high and low tag density regions and therefore can yield full-frame temperature maps, rather than being limited to narrow bright regions. In the present Letter we demonstrate the viability of obtaining instantaneous velocity and temperature maps from the fluorescence images produced by the excitation of two different transitions in the A-X (1,1) band of NO generated as a product of NO 2 photodissociation in an underexpanded jet flow field. The experiments were carried out in a recently constructed vacuum chamber, located at the National Aerothermochemistry Laboratory at Texas A&M University. The chamber has optical access via quartz windows and is evacuated using a roots blower pump assembly with a pumping speed of ∼250 cfm. A mixture of 6.3% NO 2 in N 2 at a stagnation
maintained at a pressure of 1:9 Torr, resulting in a jet pressure ratio of 234. The underexpanded jet flow field was chosen because it exhibits a wide range of density and temperature, offering a challenging, yet well-characterized, environment to test experimental diagnostic techniques. The experimental setup is shown schematically in Fig. 1 .
The NO grid was "written" via the 355 nm photodissociation of NO 2 using a Spectra Physics LAB-150-10 laser operated at 10 Hz and a total power of 100 mJ per pulse. The 9 mm diameter beam was expanded with a 2:5× beam expander and split with a 50:50 beam splitter into vertical and horizontal laser sheets aligned through the centerline of the flow. The orthogonal photodissociation sheets were passed through an aluminum mesh to produce a grid of nascent NO. The two identical PLIF laser systems each consisted of an injection-seeded Spectra Physics PRO-290-10 Nd:YAG laser operated at 10 Hz pumping at 532 nm and a Sirah Cobra Stretch pulsed dye laser producing ∼607 nm output using a solution of Rhodamine 610 and Rhodamine 640 in methanol. The dye output is mixed with the residual 355 nm from the Nd:YAG laser in a Sirah SFM-355 frequency mixing unit to produce ∼10 mJ=pulse at ∼224 nm. Both 224 nm beams are aligned collinearly and sent through a 500 mm focal length cylindrical lens to form 20-mmwide sheets aligned overlapping the photodissociation laser sheets at an angle of 70°from the streamwise flow direction to avoid the aluminum mesh. The systems were tuned to probe the
ðv 00 ¼ 1Þ band of NO on the R 1 þ Q 21 ð1:5Þ and the R 1 þ Q 21 ð8:5Þ lines for the first and the second time-delayed images, respectively. The fluorescence images were captured using two Andor iStar DH734 ICCD cameras situated on both sides of the vacuum chamber perpendicular to the laser sheets. The cameras were fitted with UKA 105 mm F=4:0 UV lenses and extension rings. Figure 2 shows raw images with a spatial resolution of 66 pixel=mm. Previous velocimetry measurements in an underexpanded jet utilized low-J transitions in the A 2 Σ þ 1=2 ðv 0 ¼ 1Þ← X 2 Π 1=2 ðv 00 ¼ 1Þ band that provided good signal-to-noise levels across the entire image [6] . Sensitive temperature measurements, however, require maximizing the energy difference between the two probed rotational states, and higher rotational states are not significantly populated in the low-temperature region before the Mach disk. The signal-to-noise levels range from 2 to 17 in the low-J image and from 1.5 to 8 in the high-J image for the data shown in Fig. 2 . The low signal in the second, high-J, time-delayed image (Fig. 2) limits the accurate grid intersection location. For this reason, only the first timedelayed image is used to obtain the velocity map, evaluating the grid intersection displacements with respect to a fitted time zero image exploiting the wellknown periodicity of the initial photodissociation grid. The time zero grid was acquired in stationary conditions in the same chamber using 6.63% of NO 2 in N 2 at a total pressure of 5 Torr. Such analysis reduces the uncertainty of the velocity measurement to the uncertainty in the location of the time-delayed image intersections. A cross correlation routine between the time zero image and the first time-delayed image provides the two displacement components in each intersection window. The derived 2D streamwise velocity map is shown in Fig. 3 experimental temperatures are significantly overestimated. This overestimation is due to insufficient collisional relaxation of the nascent NO (v ¼ 1), produced with a rotational temperature of ∼900 K in NO 2 photolysis [8] , during the write-read delay time. To obtain accurate temperatures using the VENOM technique, several hard sphere collisions must occur prior to the PLIF measurements. Given a time delay of 400 ns between the "write" and initial "read" pulse, incomplete thermalization is expected at pressures less than 1 Torr. The feasibility of single-shot velocity measurements using VENOM has been discussed previously [6] , where rms velocity uncertainties are about 5% in the high signal-to-noise regions of the image. Because the uncertainties depend on signal-to-noise levels the same constraint applies when two rotational states are probed to obtain temperature. Given the current choice in rotational states, the measured rms temperature uncertainties range from 9% in the exit of the jet to 35% before the Mach disk. A comprehensive treatment of the limitations and the corresponding error analysis will be forthcoming.
